Adhesion of copper to poly(tetrafluoroethylene) and fluorinated ethylene propylene copolymer surfaces modified with vacuum UV radiation from helium arc plasma by Sun, Zheng




Adhesion of copper to poly(tetrafluoroethylene)
and fluorinated ethylene propylene copolymer
surfaces modified with vacuum UV radiation from
helium arc plasma
Zheng Sun
Follow this and additional works at: http://scholarworks.rit.edu/theses
This Thesis is brought to you for free and open access by the Thesis/Dissertation Collections at RIT Scholar Works. It has been accepted for inclusion
in Theses by an authorized administrator of RIT Scholar Works. For more information, please contact ritscholarworks@rit.edu.
Recommended Citation
Sun, Zheng, "Adhesion of copper to poly(tetrafluoroethylene) and fluorinated ethylene propylene copolymer surfaces modified with
vacuum UV radiation from helium arc plasma" (2005). Thesis. Rochester Institute of Technology. Accessed from
ADHESION OF COPPER TO 
POLY(TETRAFLUOROETHYLENE) AND 
FLUORINATED ETHYLENE PROPYLENE COPOLYMER 
SURFACES MODIFIED WITH VACUUM UV RADIATION 
FROM HELIUM ARC PLASMA 
Zheng Sun 
January 16, 2005 
A thesis submitted in partial fulfillment of the requirement for the Degree of 
Master of Science in Chemistry 
G. A. Takacs '/2..-(,/05 Approved: _______ _ 
Thesis Advisor 
T. C. Morrill 
Department Head 
Department of Chemistry 
Rochester Institute of Technology 
Rochester, NY, 14623-5603 
Copyright Release Form
ADHESION OF COPPER TO
POLY(TETRAFLUOROETHYLENE)AND
FLUORINATED ETHYLENE PROPYLENE COPOLYMER
SURFACES MODIFIEDWITH VACUUM UV RADIATION
FROM HELIUMARC PLASMA
I, Zheng Sun, hereby grant permission to the Wallace Memorial
Library, ofRIT, to reproduce my thesis in whole or in part. Any use will not
be for commercial use or profit.
Acknowledgements
I would like to thank my research advisor Dr. Gerald A. Takacs for his instruction and
discussion, and support throughout my research work. Dr. Takacs gave me much support
both for my experiments and for my life. Thanks to Dr. Alan B. Entenberg for his help on
my copper deposition work. I also want to thank my graduate committee, Dr. James
Worman and Dr. Marvin Illingsworth for their kind help, guidance and support in my
research. In addition, I would like to thank Dr. Terence Morrill, Head of Department of
Chemistry at RIT, who gave me a tuition scholarship and as well the opportunity for
being a teaching assistant to help me finish my M.S. Degree at RIT. I also thank the
Department of Chemistry at RIT for their financial support. And thanks to Jianxin Chen
and Dan Tracy for their previous work on this thesis subject.
I thank all my family members, my dear wife Xiaohang Xie, my parents and my parents
in law. They gave me the strength and support for my study here. Finally I would thank
all professors in the Department, the staff in the stockroom, the secretary of the










Part I Introduction 1
1 . 1 Electronic Materials 1
1 .2 Methods for Surface Modification 2
1 .3 Related ResearchWork On Polymer Surface Modification 3
1 .4 VUV Surface Modification in this Thesis 8
Part II Experimental 10
2 . 1 Rotating Arc Apparatus 10
2.2 Experimental Condition 16
2.3 Analysis of Surface Properties 20
Part III Results and Discussion 32
3. 1 Photoabsorption spectrum and primary photochemical processes
for PTFE and FEP 32
3.2 Surface properties ofPTFE and Cu adhesion to PTFE surface 36
3.3 Surface properties ofFEP and Cu adhesion to FEP surface 49
Part IV Conclusions 63
Part V Future Research 65
Part VI References 66
List ofFigures
Fig.1-1 Advancing DI water contact angle as a function of [0]/[F] atomic concentration
ratios (determined by XPS) for surfaces of several fluoropolymers modified using
a varity ofprocessing conditions. Fluoropolymers are PVdF (A), PFA (O), PTFE
(), PFA(B),andAF-2400(A) 6
Fig. 2-1 Rotating DCArc Equipment (Py Pyrex Glass Pipe, R Anode Ring Support,
AN Anode Feed Through, CA Cathode Feed Through, S Substrate
Holder, M Magnets, G Gas Inlet, TC Thermocouple, P Pressure
Gauge, V Vacuum Feed Through) 11
Fig. 2-2 Schematic Diagram ofRotatingArc Experiment (M -Magnetic Coils, RC-
Reaction Chamber, PS 1 -Arc Power Supply (MFG. Specro. Equip. Inc.), PS 2
-Magnetic Coils Power Supply (AL 7500 power supply, The Superior Electric
Co.), TC- Thermocouple (Omega Corporation, K-type, -200 to 1250 C),P-
Pressure Gauge (Matheson), VI- Vent Valve, V2- Throttle Valve, RP- Vacuum
Pump (Welch Duo-Sela Vacuum Pump 1405, Sargent-Welch Scientific Co.), FM
-Gas Flow Rate Meter (Matheson 604 rotameter flowmeter) 12
Fig. 2-3 Anode and Cathode 13
Fig. 2-4 Substrate Holder 17
Fig. 2-5 Water Contact Angle 20
Fig. 2-6 Titanium frame and ring used for holding sample during contact angle
measurements 21
Fig. 2-7 Advanced (0a) and Receding (9r) contact angle 22
Fig. 2-8 Schematic Diagram of SEM 25
Fig. 2-9 The geometry of the sputtering chamber 29
Fig. 2-10 Test ofAdhesion (Peel Test) 31
Fig. 3-1 Contact angle vs. cut-off wavelength of optical filters for: FEP exposed to Ar ()
and He () arcs; and PTFE exposed to Ar (o) and He (?) arcs. In order to see the
data points for CaF2 and fused silica filters, the contact angles have been slightly
offset from the cut-offwavelength. The data taken with unfiltered radiation are
placed at the short-wavelength line for Hell (30.4 nm) andAril (92.0 nm). The
photoabsorption spectra for FEP (-) and PTFE () are from ref. [57] and [58],
respectively. Since ref. [58] does not report absolute values for the
photoabsorption coefficients ofPTFE, the coefficient for PTFE at the maxima
near 1 60 nm has been arbitrarily set to have the same value as reported for FEP
[57] 35
Fig. 3-2 Contact angle vs. time of exposure 37
Fig. 3-3 SEM Micrograph of the untreated PTFE 41
Fig. 3-4 SEM micrograph ofPTFE film treated under VUV radiation from 7A helium arc
plasma for 1 5 minutes 42
Fig. 3-5 Percentage of copper removed from the modified surface ofPTFE as a function
of exposure time to radiation from the helium arc source. Two arc currents, ( ) 3
A and
(
) 7 A, and two deposition methods, sputter (?,A) and evaporation
(,X), were used. With both deposition techniques, 100% of the copper was
removed by the tape test from untreated PTFE and these data points are shown at
zero time of treatment 48
Fig. 3-6 Contact angle vs. time of exposure for FEP 50
Fig. 3-7 SEM micrograph ofFEP exposed to a helium arc for 30 min 54
Fig. 3-8 SEM micrograph ofFEP exposed to a helium arc for 60 min. through a CaF2
filter. Magnified 14kx 55
Fig. 3-9 Percentage of copper removed from the modified surface of FEP as a function of
exposure time to radiation from the helium arc source. The 3A sputtering (?), the
7A sputtering (A), the 7A evaporation () and 7A evaporation (X) were used..62
List ofTables
Table 2-1. Polymer Structures and Densities 16
Table 2-2. Optical filter with cut-offwavelength and corresponding photon energy 18
Table 3-1. Photoabsorption coefficients, a, and penetration depths, d, of radiation for
PTFE and FEP 34
Table 3-2. Photoetch rates for PTFE exposed to radiation from rotating He arc
a
[50] . . .39
Table 3-3. Elemental Composition ofPTFE Surface from XPS Analysis 44
Table 3-4. Percentage ofCopper Removed from PTFE Surface as a Function of
Exposure Time 47
Table 3-5. Percentage ofCopper Removed from PTFE surface as a Function ofOptical
Filter (Cut-Offwavelength, nm) 47
Table 3-6. Photoetch rates for FEP exposed to radiation from rotating He arc
a
[67] 52
Table 3-7. Elemental Composition ofFEP Surface from XPS Analysis 58
Table 3-8. Percentage ofCopper Removed from FEP Surface as a Function ofExposure
Time 61
Abstract
Teflon materials including poly(tetrafluoroethylene) (PTFE) and poly
(tetrafluoroethylene-co-hexafluoropropylene) (FEP) were exposed to vacuum UV
(VUV) radiation from a He DC arc plasma that was made to rotate inside of a graphite
tube by the application of an auxiliary magnetic field. The polymer films were
covered with optical filters having different cut-offwavelengths to vary the spectrum
of the VUV radiation that modified the fluoropolymer surface. The properties of the
surface changed after surface modification as follows: (1) water contact angles started
to decrease in the wavelength region between 173 and 160 nm and continued to
decrease with shorter wavelengths; (2) surface roughening; (3) defluorination of the
surface with a slight increase in the atomic %C and formation ofC-C bonds in the top
3-5 nm of the surface as detected by XPS analysis; and (4) incorporation of oxygen
upon exposure to air. Changes in the adhesion of copper to these modified surfaces
were observed.
Part I Introduction
1 . 1 Electronic Materials
As the fastest growing materials in recent years, polymers have been used in
wide-ranging applications that include films for food packaging, electrical insulation,
resins for photoresists, and advanced composites possessing superior mechanical
properties. Most of these applications are based on their excellent physical, electrical,
and chemical properties such as thermal stability, coefficient of thermal expansion,
toughness, dielectric constant, dissipation factor, solvent absorption, and chemical
resistance. But some of the properties of polymers could limit the applications of
these polymers in the particular field. Teflon films, which include a variety of
fluoropolymers, like poly(tetrafluoroethylene) (PTFE) and
poly(tetrafluoroethylene-co -hexafluoropropylene) (FEP), are attractive materials for
insulating layers between conductors, such as copper, in the packaging of
high-performance electronic devices because of the properties such as excellent
thermal stability, chemical resistance and low dielectric constant (k). Low-k dielectric
materials, especially in the GHz range, have the advantage of producing faster signal
transmission speeds, since the package transmission speed depends on l/(k)1/2, and
less electrical interference from neighboring circuit lines. But the poor adhesion and
wettability of these polymers when bonding to other materials present challenges in
the application in the fabrication ofmicroelectronic devices [1-3]. Therefore, surface
modification techniques are often used to enhance adhesion of Cu to fluorinated
polymers.
1 .2 Methods for Surface Modification
Various methods have been employed for modifying the surface properties
ofTeflon materials:
(1) wet chemical pretreatment with Na-napthalene [4-7] and Na-ammonia [8]
solutions which have been reported to cause contamination, environmental
problems and inconvenient working conditions [9];
(2) incorporation of adhesion layers of TiN [10], and fluorinated ethylene-propylene
copolymer (FEP) and Ti [1 1];
(3) exposure to X-ray and e-beams [6,12];
(4) ion beam bombardment with 0.5-2 keV
Ar+
[13-16], 0.5 keV oxygen ions [17], 1.1
GeV
Bi24+
[18,19], and 1 keV
Ar+
in the presence of 02 [20,21];
(5) UV photolysis of tetramethyl ammonium hydroxide solution [22], CuS04 aqueous
solution [23], and gaseous N2H4 and NH3 [24]; and
(6) treatment of PTFE in RF plasma glow discharges of the following gaseous
mixtures: Ar then exposed to air [25-31], H2/CH3OH and H2/H20 [32], 02 and
02/CF4 [33,34], and 02/CF4/Ar [35].
1.3 Related Research Work On Polymer Surface Modification
Because of the efficient reaction with top layer of polymer surfaces, the
plasma has been widely applied to polymer surface modification.
Hollahan et al. [36] found that low-temperature gaseous plasmas of
ammonia or nitrogen-hydrogen mixtures resulted in the creation of surface amino
groups and improvements in wettability for a variety of polymers, including poly
(tetrafluoroethylene) (PTFE). The increased wettability was viewed as a means for
improving adhesion.
R. H. Hansen and coworkers [37-39] observed that O atom producing
plasmas improved wetting of polymer surfaces and the adhesion between polymer
surfaces. The bombardment of PTFE with
He+
in radio-frequency plasmas resulted in
CASING (Crosslinking by Activated Species of Inert Gases) that increased bond
ability to PTFE. Cheeks and Ruoff [40] bombarded various polymers, including PTFE,
with He ions that served to defluorinate the surface.
Helium and argon metastables have excitation energies (19.8 and 11.5 eV,
respectively), which are greater than some polymer ionization energies. Simultaneous
exposure to He metastables and vacuum ultraviolet (VUV) radiation (12 eV to 54 eV)
shows a rapid and then gradual reduction in the value of the receding contact angle of
water with exposure time for untreated films of polytetrafluoroethylene (PTFE) and
polyethylene (PE)
(103
and 93, respectively) to a minimum of
20
[41].
V. N. Vasilets and co-workers exposed fluoroethylene-fluoropropylene
copolymer (FEP) film to vacuum ultraviolet (VUV) radiation from a resonance Xe
lamp at a wavelength of 147 nm and air pressures of 0.05 and 2.5 Torr [42]. Double
bonds were found to be the main product in the case of VUV treatment at 0.05 Torr,
while photo-oxidation of FEP occurred predominantly by VUV treatment at 2.5 Torr
with formation of the -CF2C(0)F group. Storage of the VUV-treated polymers in air
at 50% relative humidity resulted in hydrolysis of -CF2C(0)F to the -CF2COOH
group. Substantial improvement of the film wettability was noticed after VUV
photo-oxidation.
Adams and Garton found that FEP was little affected at > 190 nm because of
its weak absorption at these wavelength [43]. However, the FEP surface was
defluorinated by radiation from argon plasma (100-150 nm).
The changes in mechanical properties (tensile strength 8 and relative
elongation at rupture ) of Teflon FEP films were measured as result of
illuminations with light from various VUV sources: resonance Xe (147.0 nm), Kr
(123.6 nm), Hg (184.9 and 254 nm), and deuterium lamps with silica window (A
>115 nm) in high vacuum conditions and at various temperatures of film samples
(25-150 C) [44]. The roughness of the Teflon films surfaces could lead to
improvement ofwettability and adhesion to other materials.
Van Eesbeek and his co-workers [45] observed an intense degradation of
Teflon FEP with formation of volatile fluorocarbon products of saturated and
unsaturated types with rather high molecular masses (up to at least 500 Dalton) by
vacuum UV radiation. The evidence for the formation and evaporation into vacuum of
active fluorocarbon species (F, CF2, CF3) was obtained. The rate of photolysis initially
increases, then becomes constant and corresponds to the elimination of about five
species with molecular mass 100 Dalton per on absorbed photon of 147.0 nm light.
The formation of unsaturated groups in the irradiated polymer was observed.
Rye observed that the strong adhesion ofmetal to PTFE was correlated with
surface roughness and not with surface chemical changes [46] when sodium
naphthalenide was used to etch PTFE and FEP surfaces. The x-ray photoelectron
spectroscopy (XPS) results of a treated polymer surface showed the same extent of
defluorination. Scanning electron microscopy (SEM) showed the FEP surface to be
smooth and featureless both before and after chemical etching, while etched PTFE
was characterized by a crazed surface with a high density of unidirectional cracks
oriented perpendicular to long macroscopic scratches existing in the virgin surface.
The adhesion of Cu to etched PTFE surface was sufficiently strong, and weak
adhesion of Cu to etched FEP or to other smooth forms of fluorinated polymers,
including polished PTFE, was observed.
Egitto and Matienzo indicated the relationship among surface composition,
wettability, and practical adhesion [2]. The wettability determined from contact angle
measurements was considered to be related to the concentration of certain surface
functional groups. Figure 1-1 shows the advancing DI water contact angle as function
of [0]/[F] atomic ratios measured by XPS for films of PTFE, the copolymer of
tetrafluoroethylene and perfluoroalkoxyvinyl ether (PFA), and
Teflon-AF-2400
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Fig.1-1 Advancing DI water contact angle as a function of [0]/[F] atomic
concentration ratios (determined by XPS) for surfaces of several fluoropolymers
modified using a varity of processing conditions. Fluoropolymers are PVdF (A), PFA
(O), PTFE (), PFA (), and AF-2400 (A).
However, the practical adhesion, or bondability, between polymer surfaces
and other materials deposited onto them cannot always be correlated with wettability.
Adhesion between two surfaces results from a combination ofmechanical, chemical,
and electrostatic contribution.
Current trends in photolithography are towards using shorter wavelengths
well into the VUV range of the electromagnetic spectrum. Because there have been
few studies completed using a continuum source of VUV radiation from
plasmas to
modify fluorinated polymers, investigations were conducted to determine the effect of
this radiation on controlling adhesion to Cu.
1 .4 VUV Surface Modification in this Thesis
Low-pressure VUV radiation sources, which are primarily VUV line sources,
have been applied to surface modification. There are significant outputs in the
ultraviolet and visible regions [47]. For helium and argon, the neutral atom resonance
lines are at Hel (-58.4 nm) and Arl (-104.8 nm, 106.7 nm) while for the singly
ionized species they are Hell (30.4 nm) and Aril (-92.0 nm, 93.2 nm) [47]. In a
previous study [48], exposure of PTFE to both filtered and unfiltered radiation (12-54
eV) downstream from a low-pressure (2.4 x
102
Pa) helium microwave plasma
produced surface modification. XPS analysis displayed defluorination and enrichment
in C-O bonding, presumably formed from the reaction of surface sites with oxygen
upon exposure to air. As a result, water contact angle measurements were observed to
rapidly decrease from
103
to a minimum of about 20. In addition, it was proposed
that crosslinking and/ or desaturation of the linear saturated polymer occurred.
In the high pressure (6.7 x
104
Pa) source used in the experiments reported
in this thesis, a significant contribution of radiation from the continuum spectra of the
rare gas molecules is expected to the superimposed on the line spectra. The most
intense ranges of these continua are
He2*
58-1 10 nm and Ar2 105-155nm [47].
In this paper, the Teflon polymer films, which are important in electronic
packaging applications, PTFE and FEP, will be modified with radiation from high
pressure helium gas plasmas rotating in a magnetic field. To investigate the role of
wavelength of photon energy, the films will be covered with LiF, BaF2, fused silica,
Csl and crown glass optical filters that had different cut-off wavelengths.
Modification will be monitored by measurements of the distilled water contact angle,
surface roughness, and atom composition on the top 3 to 5 nm of the exposed film as
a function of: exposure time, polymer structure, and optical filter. Copper will be
deposited by sputtering and evaporation methods onto some of the treated samples
surface and the adhesion between copper and the modified polymer film was
measured by a peel test.
PART II: Experimental
2. 1 RotatingArc Apparatus
2.1.1 Reaction Chamber
The reaction chamber was a Pyrex tube which was placed on an aluminum
plate. The vacuum connections for the vacuum outlet, gas inlet, thermocouple,
cathode feed-through and pressure gauge were all on the aluminum plate. The anode
feed-through was located on the top plate which was also made from aluminum. The
sample holder and the anode ring support were in the middle of the chamber. The
distance between the sample holder and the anode ring support was about 5 cm. Two
rubber gaskets were used as seals between the tube and the plate. Figure 2-1 shows
the view of the experimental equipment from the front. Figure 2-2 is the schematic
diagram of the rotating arc equipment.
2.1.2 Electrode
The arc electrode was a graphite cathode rod (Bay Carbon Inc.) positioned in
the middle of a graphite anode tube (Bay Carbon Inc.) (Figure 2-3). One end of the
graphite cathode rod was sharpened with a pencil sharpener and the other end was
connected to the cathode feed-through. The sharp end of the graphite cathode rod was
slowly eroded away while the DC arc rotated at the end of the graphite anode tube.
The graphite cathode rod and graphite anode tube were cleaned or replaced after
every treatment (maximum 15 minutes treatment).
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Fig. 2-1 Rotating DC Arc Equipment (Py Pyrex Glass Pipe, R Anode Ring
Support, AN Anode Feed Through, CA Cathode Feed Through, S Substrate






Fig. 2-2 Schematic Diagram of Rotating Arc Experiment (M -Magnetic Coils, RC-
Reaction Chamber, PS 1 -Arc Power Supply (MFG Specro. Equip. Inc.), PS 2
-Magnetic Coils Power Supply (AL 7500 power supply, The Superior Electric Co.),
TC- Thermocouple (Omega Corporation, K-type, -200 to 1250 C),P- Pressure Gauge
(Matheson), VI- Vent Valve, V2- Throttle Valve, RP- Vacuum Pump (Welch Duo-Sela
Vacuum Pump 1405,
Sargent-Welch Scientific Co.), FM -Gas Flow Rate Meter






Fig. 2-3 Anode and Cathode
13
2.1.3 ThermocoupleMeter, Pressure Gauge and Gas Flow Rate
The thermocouple with the same extension wire (Omega Co., K-Type, -200 to
1250 C) was attached to the surface of aluminum ring next to the polymer sample.
The temperature on the polymer sample surface was measured by the meter connected
to the thermocouple during the exposure to the arc plasma.
The pressure inside the Pyrex glass chamber was monitored by the pressure
gauge. The air in the chamber was first evacuated by the vacuum pump. Helium or
argon was next introduced into the chamber. The pressure inside the chamber should
be controlled around 400 torr (about 6.4 x
104
Pa) by adjusting the gas flow rate. The
flow rate was 50 cm3/min.
2.1.4 The Power Supplies for theArc and Magnetic Coils
In order to produce a homogeneous source of radiation at the polymer
substrate, the arc was made to rotate at the edge of the anode by the application of a
magnetic field outside of the vacuum chamber. The two magnetic coils (16 cm radius)
were separated by 34 cm and were constructed from 1 8 gauge copper wire wrapped
around an aluminum frame. The coils are wired in parallel with an Alpha AL 7500 DC
power supply so that their magnetic fields were in the same direction. By adjusting
the current output of the magnetic power supply, the magnetic field strength was
varied. Typically, a 3A current was used in all experiments reported here. As
determined with a calibrated Dyna-Emire, Inc. Model 888 gauss meter, the magnetic
field strength at the arc is 9.4 x
10"3
T which produced about a 130 Hz plasma rotation
14
frequency.
The arc rotated on the tip of the graphite cathode around the graphite tube that
was supplied with 3 to 7 amps of the current from a DC power supply
(Jarrell- Ash





A variety of fluoropolymers like poly (tetrafluoroethylene) (PTFE) and poly
(tetrafluoroethylene-co-hexafluoropropylene) (FEP) were treated under the vacuum
UV plasma to modify the surface properties. At the beginning of the experiment, the
Kapton-H (polyimide) (PI) was used to test the vacuum UV plasma system properties.
Table 2-1 shows the structures and physical properties of all the polymer films that
were used.
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All the samples were washed with methanol for five minutes and then acetone
for five minutes in an ultrasonic bath. After washing, the sample was dried in air. The
sample was mounted on a substrate holder (Figure 2-4) during treatment with the
plasma.
Cover At ring UV filter
Sample
substrate holder
Fig. 2-4 Substrate holder
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2.2.2 Optical Filters
Several kinds of filters were put in front of the samples during the treatment.
These filters allow the VUV radiation to illuminate the surface, but not allow the
energetic molecules or ions to reach the sample's surface. The filters also define the
wavelengths that are exposed to the sample's surface. Wavelengths shorter than the
filter cutoff wavelength were removed and longer wavelengths passed through the
filter and modified the polymer surface. The filters that were used include: LiF, CaF2,
Csl, fused silica and crown glass. Table 2-2 shows the cutoff wavelengths and
corresponding photon energies of the filters.















2.2.3 Gases, Gas Flow and Gas Pressure
Helium (99.9%) and argon (99.9%) plasmas were used during the
modification of the fluoropolymer surface. The main difference between the helium
and argon plasma was that argon plasma has a longer wavelength photons than helium
plasma. The gas pressure was always kept around 6.7 x
104
Pa (400 Torr). The plasma
emitted heat and increased the temperature inside the reaction chamber. The gas
pressure was also increasing during the treatment. The gas flow from gas inlet was
kept constant (50 cm3/min). The gas outlet to the vacuum pump was adjusted to keep




The temperature on the fluoropolymer sample's surface was kept under 110 C
during the modification. The temperature was monitored with a K type Ni/Cr
- Ni/Al
thermocouple (-200 to 1250 C) placed in contact with the Al ring of the substrate
holder. Normally, the exposure temperature reached 110 C after 10 to 15 minutes of
treatment. For treatment times longer than 10-15 minutes, the plasma was shut down
after each 15 minute treatment. When the system was cooled down to room
temperature in helium or argon, the modification was started again.
19
2.3 Analysis of Surface Properties
2.3.1 ContactAngle
2.3.1.1 Advancing and Receding ContactAngle
The contact angle (Figure 2-5) made by a liquid drop resting on a solid surface







Fig. 2-5 Water ContactAngle
The contact angle of a liquid drop on a solid surface is related to the various
interfacial tensions by Young's Equation:
r,cose =rs-rsl
where f, is the liquid surface energy, Fs is the solid surface energy and Fsl is the solid-
liquid interfacial energy. From the equation, it can be seen that the contact angle will
20
decrease when the solid surface energy increases.
All contact angle measurements were performed on an NRL C.A.
Goniometer Model #100-00 115. The contact angle was the angle between the tangent
to the distilled water and the surface of the polymer film. When the angle was
measured, the polymer films were mounted on titanium frames by compressing a
titanium ring into the same frame (Figure 2-6).
Titanium frames
Titanium ring
Fig. 2-6 Titanium frame and ring used for holding sample during contact angle
measurements
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Two kinds of contact angles, the advancing and receding contact angle (Figure 2-7),




Fig. 2-7 Advancing (a) and Receding (b) contact angle
Advancing contact angle was the data of 10 ul increment ofwater added on
the polymer surface each time until 50 ul is reached, i.e. 10, 20, 30, 40, 50 ul size
drops. When a 50 ul size drop of distilled water was placed on the polymer surface
and then 10 u.1 water drops were removed each time, it is called receding contact angle
22
measurement. The receding contact angle at the final 10 ul drop size was called the
"minimum"
receding contact angle. Both contact angles were determined from the
average of 3-5 measurements of distilled water droplets on the right and left side.
2.3.1.2 Relationship Between ContactAngle and Adhesion
The contact angle of a liquid on a solid can be related to the adhesion
between the two phases. The results of the contact angle measurement could provide
an indication of the tendency of that solid surface to bond effectively with other
materials which may subsequently be deposited on the surface.
2.3.2 X-ray photoelectron spectroscopy (XPS)
XPS was performed on a Perkin- Elmer Physical Electronics (PHI) Model
560 instrument with a double-pass cylindrical mirror analyzer using Mg K^ X-rays for
excitation. Survey and high-resolution spectra were collected with pass energies of
100 and 20 eV, respectively. Binding energies were referenced to the hydrocarbon
peak at 284.6 eV. High-resolution XPS spectra in the C Is and O Is regions were used
to determine the chemical environment with VUV exposure.
2.3.3 Scanning Electron Microscopy (SEM)
The scanning electron microscopy (SEM) was used to view the polymer
surface features. The instrument is indicated in Figure 2-8. A 15 kV electron beam
voltage was used in the experiment. The polymer films were placed on specimen
23
stubs with double-coated adhesive tape. Then the treated surface was coated with a
thin (about 40A) layer of conducting material (Au/Pd) using an E5000 SEM
sputtering current and a 20 second sputtering exposure time. The tilt angle of the
incidence of the primary electron beam on the specimen surface was 45, because the
intensity of secondary electron emission is lowest when the specimen surface is


















Fig. 2-8 Schematic Diagram of SEM
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2.3.4 Metallization
The main purpose of the surface modification ofTeflon material is to alter the
adhesion between the metal and the polymer surface. The metal was deposited onto
the sample's surface before and after plasma treatment. Then a peel adhesion test
(tape test) was used to test the change of adhesion between the metal and polymer
before and after plasma treatment. Copper was the only metal used in this experiment.
2.3.4.1 Methods ofCopper Deposition
Two main methods were used to deposit copper onto polymer surface. The
first is called evaporation copper deposition; the other one is called sputtering copper
deposition.
2.3.4.1.1 Evaporation Copper Deposition
A large chamber was evacuated with a liquid nitrogen trapped diffusion pump
and rotary pump. When the system reached a high vacuum (normally lower than 2 x
10"5
torr), the high purity copper (99.9 % pure) grains started to be evaporate in the
tungsten resistance boat with a high current going through. The deposition rate and
film thickness were read on an Inficon quartz crystal rate deposition monitor which
was calibrated (to within 5%) with a Dek-Tak surface profilometer. The current was
turned up slowly by watching the rate deposition monitor. When the current going
through the heater was strong enough (normally around 6 to 8 amperes) and the
copper deposition rate was constant, the shutter in front of the samples holder was
26
removed and started the copper deposition. The samples were put at a certain height
above the boat heater. When the copper vapor reached the substrates, the copper was
condensed onto the polymer surface. The thickness of the copper film on polymer's
surface was around 5000 A.
2.3.4.1.2 Sputtering Copper Deposition
The geometry of the sputtering chamber is shown in Figure 2-9. A 50 liter
vacuum chamber was evacuated with a liquid nitrogen trapped diffusion and rotary
pumps. Research grade argon (99.997% pure) was introduced through mass flow
controllers at rates of4 to 30 SCCM. The deposition rate and film thickness were read
on an Inficon quartz crystal rate deposition monitor which was calibrated (to within
5%) with a Dek-Tak surface profilometer (same as above).
A DC planar magnetron (US-Gun) was used to deposit film. The copper targets (50
mm diameter by 5 mm thick) were 99.9% pure. The substrate was a 65 mm by 85 mm
polymer sheet of varying thickness which was suspended by straps at top and bottom
edges, and which was positioned directly in front of the copper target at a distance of
20 cm. After the sputtering plasma was ignited, the target was presputtered for 2
minutes while a shutter covered the substrate. (Presputtering is necessary to clean the
target surface and to allow the plasma to stabilize.) The typical discharge voltage,
current, and power for magnetron (US-Gun) sputtering with argon working gas were
in the ranges of 470 to 570 volts, 0.33 to 0.57 amperes, and 190 to 280 watts
respectively, depending on the target thickness. There was a fixed working gas
27
pressure of 2 mTorr and a fixed deposition rate of 3.0 A/s. Copper was sputtered to
form a film which was 5000 A thick. (The variation of film thickness across the
substrate is estimated to be less than 5% at a target substrate distance of 20 cm.)
2.3.4.1.3 The Differences between Two Methods
Obviously, the main difference between two methods is the energy of the copper
during the deposition. The copper atom in the sputtering method has much more
energy than the atom in the evaporation method. The differences between two
methods caused different copper adhesion on polymer surface after the deposition.
One other difference is the grain sizes deposited. Smaller grain sizes are expected
from sputter deposit than from the evaporation technique.
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U.S GUN Cu-terget R.D.M Crystal Metal straps flrgon Inlet
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(c) Geometry of the sputtering chamber
(b) Sample holder
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Fig. 2-9 The geometry of the sputtering chamber
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2.3.4.2 Measurement of theAdhesion
As shown in Figure 2-10, the Scotch tape peel test was used to determine the
adhesion between copper and polymer films. A piece of transparent tape was pressed
onto the surface of the copper film and carefully peeled off by pulling at an angle of
90
with respect to the film. A measure of the adhesion was determined by estimating
the amount of copper that still remained on the polymer film after the peel test (or the
amount of copper which removed from polymer film surface). The more copper





Fig. 2-10 Test ofAdhesion (Peel Test)
Polymer film
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PART III: Results and Discussion
3.1 Photoabsorption spectrum and primary photochemical processes for
PTFE and FEP
PTFE is polycrystalline and FEP is amphorous. Both PTFE and FEP have
absorption spectra predominantly in the vacuum UV (VUV) region ^ -170 nm
which corresponds to energies ^ -7.3 eV Relative values for the photoabsorption
coefficients of PTFE and FEP have been reported [41, 45, 48-52] Fig.3-1 shows the
photoabsorption spectrum for PTFE [48] where the absorption maximum around 160
nm has been arbitrarily set to have the same value as the maximum for the
photoabsorption spectrum of the volatile products from VUV photolysis of FEP [45].
Table 3-1 shows reported absolute values for the photoabsorption coefficients, a , for
PTFE and FEP at the wavelengths emitted by standard excimer laser pulses of F2 (157
nm), ArF (193 nm) and KrF (248 nm) and penetration depths, d, that were calculated
from Beer's Law, equation (1), where the ratio of the transmitted to incident intensity,
I/I0 is equal to 1/e.
In (I/I0)
=
- a d (1)
Because of the intense photoabsorption by PTFE and FEP with VUV
compared to UV (Fig. 3-1), VUV radiation is absorbed at thinner penetration depths
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than UV radiation as shown in Table 3-1 . Light with A > 177 nm, which corresponds
to weak absorption in the long wavelength tail of the intense absorption band (Fig.
3-1), penetrates deep within the PTFE and FEP film causing deterioration of
mechanical properties, while 147 nm radiation, that is strongly absorbed at the surface,
does not significantly affect these properties [56,57]. Using a coherent VUV source at
125 nm, the photoabsorption coefficient of PTFE has been reported to be (102+ 1) x
106 cm"1
which corresponds to a penetration depth of -0.1 nm indicating that the
photon is interacting with a fraction of the top monomer layer of the film [56,57].
Photoabsorption may initiate significant chemical effects to produce free
radicals (R ) and ions (R+), reactions
(2)- (4), since the C-C bond strength is on the
order of 3 eV, the C-F bond strength is about 5 eV [53,54], and the first ionization
potential ofPTFE occurs at approximately 11 eV [41].
PTFE + /2v = R,
+R2* * ^ -410 nm (2)
PTFE + hv = R3 + F A ^ -250 nm (3)
PTFE + /zv =
R+
+e"
A ^ -120 nm (4)
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Table 3-1.
Photoabsorption coefficients, a, and penetration depths, d, of radiation for PTFE and
FEP





PTFE 125 10,200 [55] -0.1
PTFE 157 6.3 [52], 8.9 [56] 160; 110
FEP 157 1.9 (Fig. 3.1) [57] 520
PTFE 193 1.5[52], 0.47 [56] 670; 2100
FEP 193 0.2 (Fig. 3.1) [57] 5,000
PTFE 248 0.0158, 0 [56] 63,000
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Optical filter cut-off wavelength (nm)
Fig. 3-1 Contact angle vs. cut-off wavelength of optical filters for: FEP exposed to
Ar () and He () arcs; and PTFE exposed to Ar (o) and He (?) arcs. In order to see
the data points for CaF2 and fused silica filters, the contact angles have been slightly
offset from the cut-offwavelength. The data taken with unfiltered radiation are placed
at the short-wavelength line for Hell (30.4 nm) and Aril (92.0 nm). The
photoabsorption spectra for FEP (-) and PTFE () are from ref. [57] and [58],
respectively. Since ref. [58] does not report absolute value for the photoabsorption
coefficients of PTFE, the coefficient for PTFE at the maxima near 160 nm has been
arbitrarily set to have the same value as reported for FEP [57].
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3.2 Surface properties of PTFE and Cu adhesion to PTFE surface
3.2.1 Water contact angle measurements
Measurements of the water receding contact angle show rapid decrease with
exposure time to minimum saturation values suggesting that an equilibrium surface
composition is established relatively quickly [49]. The first evidence of a photonic
effect on the measured water contact angle for treated PTFE occurs in the wavelength
region between 160 and 173 nm (Fig. 3-1) consistent with previous surface
modification measurements using radiation downstream from low-pressure MW
plasma [41,59]. Fig3-1 also shows that substantial photoabsorption for PTFE begins
in the wavelength region and continues to shorter wavelengths. Treated PTFE
becomes more hydrophilic upon exposure to shorter VUV wavelengths with the water





Figure 3-2 shows the DI water contact angle on treated PTFE surface
decreasing against the time of exposure. The PTFE films were exposed to vacuum UV
radiation from helium arc plasma. The arc current was 7 A. The temperature on film
surface was under 110 C. The pressure of helium was kept around 6.7 x
104
Pa (~
400 Torr). Comparing with other surface treated method such as MW plasma surface
modification [59]; Fig 3-2 shows that VUV radiation from helium arc plasma
modified PTFE surface in very short time. After about 15 minutes treatment time, the




showing that VUV radiation from
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high pressure (6.7 x
104
Pa) helium arc plasma is very effective method for modifying



















Fig. 3-2. Contact angle vs. time of exposure,
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3.2.2 Photoetch rates [60]
The photoetch rates of PTFE were determined from weight loss
measurements and are tabulated in Table 3-2 for an arc current of 7 A [49]. As the
cut-off wavelength for the optical filters increases, the more highly energetic photons
are blocked from the substrate. Since PTFE absorbs more strongly at wavelengths less
than 170 nm (Fig. 3-1), as more of these high-energy photons are excluded, the
photoablation rate for PTFE decreases. Clearly, the rate of photoetching is dependent
upon the emission characteristics of the source (intensity as a function ofwavelength)
and the photoabsorption properties of the film. The photoetch rate of PTFE as a
function of increasing current for the rotating arc is observed to increase nearly
linearly. Increasing the arc current increases the amount of excitation and hence the
number of photons emitted per unit time [49].
Photoablation of PTFE, using KrF excimer lasers, in the weakly absorbing
248 nm region of the photoabsorption spectrum occurs only with high intensity
radiation and is primarily due to a photothermal mechanism [61-63]. Photoetching
with ArF (193 nm) [52,56,64,65] and F2 (157 nm) [56,64,65] lasers show an induction
effect requiring ablation threshold fluence as expected from a photothermal process
[63]. However, there is a ten fold lower threshold fluence at the more strongly
absorbing 157 nm wavelength [56]. In contrast, no induction period has been
observed for a mainly photochemical etching process for PTFE employing radiation
from KrCI (222 nm) and xenon excimer (172 nm) lamps [62], 125 nm [55], as well as,
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radiation from rotating dc arcs containing Ar or He [49,66]. PTFE exposed to VUV
radiation from an Ar plasma through a grid mask shows a well defined etch pattern
[67].
Table 3-2.












LiF (105) 110 16.5
Fused Silica (160) 110 3.9
a
Pressure He = 500 Torr. Arc current = 7A.
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3.2.3 SEM Results
Micrographs of untreated PTFE exhibit smooth surfaces compared to
samples, which are exposed to the range of wavelengths from the unfiltered helium
arc, that show roughening with debris on the surface. Figure 3-3 shows the surface
morphology of untreated PTFE film. Figure 3-4 shows the roughness of PTFE film
that was treated by vacuum UV radiation from helium arc plasma for 15 minutes.
Samples exposed through LiF filters have less roughening than treatment
with the unfiltered arc. Photochemical modification of PTFE with VUV/UV lamps at
172 nm and 222 nm produces less surface roughening than laser photothermal
ablation at 248 nm and can be controlled by exposure time, VUV/UV intensity and
distance between the sample and excimer lamp [62]. In addition to chemical
modification, reduction in contact angle can arise from surface roughening [68,69].
The roughness change of the surface is also considered as one of the reasons of the
improvement of copper adhesion to the treated PTFE films surface.
40
Fig. 3-3 SEM Micrograph of the untreated PTFE.
Magnified 5.7 KX
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Fig. 3-4 SEM micrograph of PTFE film treated under VUV radiation from 7A




The atomic concentration of fluorine in PTFE was reduced by about 5-6 %
upon treatment with radiation from the He arc (Table 3-3) [49]. Accompanying the
defluorination, was a 1-2 % increase in the % C and a 3-4 % increase in the % O in
the top 1 0 nm of the surface (Table 3-3). Over this sampling depth, only a small
amount of defluorination is detected. Defluorination is expected to be much greater in
the top monolayer of the surface where reaction step (2) should be more pronounced
due to greater photoabsorption, thus explaining the large observed change in contact
angle which is very surface sensitive. The oxidized carbon signals arise from the
reaction of free radicals produced in reaction steps (2) and (3), which have long
lifetimes, with oxygen in the air [25-31,45,59,70], Comparing the C Is spectra before
and after radiation, a new peak at about 285 eV appears that corresponds to the
formation ofC-C bonds and the possible indication of cross-linking by radical-radical
reactions [49]. FT-MS spectra of laser (C02)-assisted pyrolysis fragments of PTFE
treated with VUV radiation downstream from a low pressure (2.4x1
02
Pa) He
microwave plasma exhibit higher molecular weight ions than untreated PTFE due to
cross-linking [59]. Not enough
information is available to comment on the magnitude









PTFE None 110 34 1 66
PTFE He arc 43 35 4 60
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3.2.5Adhesion ofCu to PTFE modified with VUV radiation
The percentage of Cu removed by the tape test from treated PTFE surfaces
with unfiltered and filtered radiation from the He arc are given in Fig.3-5 and Table
3-4, respectively. All of the copper was removed from untreated samples. With 3A
current, an increase in copper adhesion was observed with increasing exposure time
up to 60 min, when 50% of the copper remained on the surface. At the higher
radiation intensities produced by 7 A from the He arc, after 15 minutes of exposure all
of the copper remained on the surface of the exposed area (Fig. 3-5). Significant
adhesion of Cu was obtained as the cut-off wavelength decreased (Table 3-5).
Although increased adhesion strength is expected using sputter deposition because of
higher energies and smaller grain sizes compared to evaporation deposition, within
experimental error no differences were observed with the tape test.
A number of mechanisms are probably participating in the enhanced
adhesion ofCu to PTFE samples that were treated with VUV radiation from the He dc
arc. Several investigators have reported desaturation [42,43,57] and defluorination
[44,57,71] of fluoropolymers with VUV radiation results from the evolution of
fluorine and fluorocarbon fragments of CnFm type where n varied from 1 to at least 10
and m<2n+2 as detected by mass spectrometry. Therefore, the observed roughening of
the surface due to photoetching may contribute to the increased adhesion. The
detected oxidation of the VUV modified surface should add to the adhesion strength
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with copper as has been found for PTFE exposed to argon plasma and then exposed to
air [26] and oxidized polyimide [72]. In addition, cross-linking on the surface caused
by VUV photons may result in increasing bondability to PTFE as reported for
activated species of inert gases (CASING) due to bombardment by
He+
in an RF
plasma [73]. Cross-linking at the surface of polyimide by ion bombardment has been
shown, under certain conditions, to induce interfacial adhesion of copper because the
surface film is made mechanically stronger [72,74]. Participation of the












Evaporation 3 100 100 98
Sputtering 7 100 85 15












* 60 min showed -50%
Table 3-5.
Percentage of Copper Removed from PTFE surface as a Function of Optical Filter
(Cut-Offwavelength, nm)
No Filter LiF(105) CaF2 (125) BaF2(135)













































Figure 3-5. Percentage of copper removed from the modified surface of PTFE as a
function of exposure time to radiation from the helium arc source. Two arc currents,
( ) 3 a and
(
) 7 A, and two deposition methods, sputter (?, A) and evaporation
(,X), were used. With both deposition techniques, 100% of the copper was removed
by the tape test from untreated PTFE and these data points are shown at zero time of
treatment.
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3.3 Surface properties ofFEP and Cu adhesion to FEP surface
3.3.1 Water contact angle measurement
Figure 3-1 shows that the first evidence of a photonic effect on the contact
angle for treated FEP occurs in the wavelength region between 160 and 173 nm
consistent with the previous measurements for PTFE [41,49]. The contact angle for
FEP decreases from
103
(untreated) down to about
45
(unfiltered He arc) with
exposure to shorter wavelength radiation for about 20 minutes. Figure 3-6 shows the
decrease ofwater contact angle against time ofexposure.
Westerdahl et al [75] observed that FEP upon treatment in 50W RF excited





change was observed in oxygen plasma. Substantial changes of the wettability have
been previously reported following VUV photooxidation of FEP at 147 nm where the
water contact angle was observed to approach a leveling-off value with time of
exposure. When the treated samples were stored at 50% relative humidity, the contact
angles were affected with storage time because of the reaction of the acid fluoride
groups -CF2C(0)F (produced from oxygen reaction with free radicals) with water
vapor to form hydrophilic carboxylic acid groups according to reaction (5) [42].




















5 10 15 20
Time of Exposure (minutes)
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Fig 3-6. Contact angle Vs. Time ofExposure for FEP
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3.3.2 Photoetch rate [66]
The photoetch rates of FEP are tabulated in Table 3-6. The FEP films were
exposed to 7A Helium arc up to 1 10 C with and without the optical filters LiF, BaF2,
fused silica and Csl that do not transmit at wavelengths <105, 135, 160 and 235 nm,
respectively. As the cut-off wavelength for the optical filters increases, the more
highly energetic photons are blocked from the substrate. Clearly, the rate of
photoetching is dependent upon the emission characteristics of the source (intensity as
a function ofwavelength) and the photoabsorption properties of the film. Since high
energy photons are excluded, the photoablation rate for FEP decreases. No
photoetching of FEP was observed at ^ 235 nm[44,57]. Comparing to PTFE, the
etch rates for FEP are about 50% higher due to more of the weaker C-C bonds in FEP
than C-F bonds in PTFE.
The etch rate ofFEP using a 157.6 nm F2 laser with a fluence of 86
mJ/cm2
was found to be 125 nm/pulse [76]. Polychromatic light from deuterium lamps
penetrated deeper into the FEP sample, especially in the 130-140 and 165-175 nm
regions, leading to a change in the mechanical properties of FEP [43]. Severe
embrittlement (higher surface hardness and induced cracks during bending) was
observed on exposed FEP to spacecraft in low earth orbit [77]. The electrophysical
properties of FEP were affected by the absorption of 123.6 nm radiation [45]
presumably involving the FEP analog to reaction (4). Synchrotron VUV and soft
x-ray radiation (18
- 0.65 nm), analogous to that experienced in low Earth orbit due to
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solar flares, has been reported to cause degradation on the FEP surface of aluminized
FEP [78].
Table 3-6.
Photoetch rates for FEP exposed to radiation from rotating He arc
a
[66]





Fused Silica (160) 4.0
Csl (235) 0.0
a




Besides chemical modification of the surface, the reduction in contact angle
can arise from surface roughening [68,69]. Analogous to PTFE [49], SEM
micrographs of untreated FEP show smooth surfaces compared to samples exposed to
the unfiltered He arc that showed roughening of the surface with debris on the surface
(Fig. 3-7). Samples exposed through the optical filters showed less debris formation
and less roughening than treatment with the unfiltered arc (Fig. 3-8).
Grossman et al. [71] irradiated FEP with 115
- 300 nm radiation and found
roughening of the surface with an enhanced roughening in the presence of
0+
ions as
observed using AFM. Electron micrographs of FEP surfaces exposed to VUV and
atomic O on the Long Duration Exposure Facility have shown considerable
roughening [43,77,79].
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Fig. 3-7 SEM micrograph ofFEP exposed to a helium arc for 30 min.
Magnified 14 kx.
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Fig. 3-8. SEM micrograph of FEP exposed to a helium arc for 60 min. through a
CaF2 filter. Magnified 14 kx.
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3.3.4 XPS results
X-ray photoelectron spectroscopy (XPS) was used to determine the elemental
composition of FEP treated with radiation from unfiltered He arcs (Table 3-7). Some
defluorination of the surface is observed with the incorporation of oxygen presumably
due to exposure of the samples to air when transported to the XPS chamber. Similar
results have been reported by Rasoul et al. [80] who observed by ESR the formation
of peroxy radicals, via reaction (6), after the introduction of air to UV-treated FEP
surfaces.
R + 02 = R02 (6)
The XPS spectra showed about a 2% O atom concentration due to the
formation of C-0 bonding in the surface layer [80]. IR analysis of FEP samples
irradiated at 147 nm [57] and predominatedly at 150 nm [43] followed by exposure to
air shows the oxygen as ketonic carbonyls, C=0, in acid fluoride groups, -CF2C(0)F,
probably produced from the reaction
of free radicals with the peroxy radical.
Pm' + R02- =RtO + RO (7)
Photolysis of FEP at 147 nm in the presence of 3.3 x
102
Pa air shows
additional formation of the acid fluoride group via atomic oxygen reactions with free
radicals [42]. Defluorination and incorporation of C-0 groups were also reported in
the previous investigations of PTFE with VUV radiation from low pressure He [41]
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and high pressure He or Ar dc arc plasmas [49] when the modified material was
exposed to air after removal from the vacuum chamber.
FEP exposed to UV radiation from a xenon lamp followed by the
introduction of air showed potential C-C crosslinking, as did FEP samples treated
with VUV from an oxygen discharge in the presence of atomic oxygen [70]. Mass
spectrometry detection of the photoablation products of FEP with 147 nm radiation
[59] suggests crosslinking possibly via radical recombination reactions (8).
R5- + Re* = R5-Re (8)
Photolysis of FEP at 147 nm, both in the absence [57] and presence of low
pressures of air (6.7 x
101
Pa) [42], and predominately at 150 nm [43] show
defluorination with formation of the vinylic unsaturation stretching frequencies
-CF=CF, -C=CF2 and -CF=CF2 as detected by IR. The beginning of intense
photoetching coincides with the maximum for double bond accumulation [57]
possibly via the dissociation reaction (9) involving energetically excited free radicals.
R
*
= -C=C- + R7 (9)
Although Table 3-7 only shows small changes in XPS results upon treatment,
these results could still be consistent with the larger observed changes in contact angle











FEP None 105 30 0.6 69
FEP He arc 53 32 3 65
3.3.5Adhesion ofCu to FEP modified with VUV radiation
The copper adhesion to FEP film surface shows some differences with the
methods of copper deposition that were employed. When the sputtering copper
deposition method was applied, strong adhesion was found between copper and
untreated FEP films surface. No copper can be removed by the tape test. After 5
minutes exposure to VUV radiation from 3A helium arc plasma, all the copper was
removed from the treated FEP film using the tape test. The FEP films were exposed at
the higher radiation intensities produced by 7 A He arc. Strong adhesion of copper to
FEP films after 5 minutes treatment was found. When the short exposure time applied
(i.e., 2 or 3 minutes treatment) at 7A He arc, weak adhesion was observed between
FEP films and copper.
When the copper was deposited onto FEP films surface via evaporation
copper deposition method, there is no adhesion found between copper and untreated
FEP films. Using exposure up to 60 min from 3 A of He arc, no adhesion shows
between FEP films and copper. After 10 min of exposure from 7A He arc, all the Cu
remains on the treated FEP films. The good adhesion of copper to treated FEP films
was observed with both copper deposition methods after the FEP films were exposed
under VUV radiation from 7A helium arc plasma for 10 minutes. Table 3-8 and Figure
3-9 show the percentage ofCu removed by tape test from treated FEP surfaces.
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The sputtered copper deposition method has smaller copper grain sizes and
higher energies than the evaporation copper deposition method. These differences are
considered as the main reason for the differences shown on the adhesion of copper to
FEP films when different copper deposition methods were applied. The difference of
the structure (-CF3 chain on the side) between PTFE and FEP lead to the different
polymer properties of them. The PTFE is polycrystalline polymer. And the FEP is the
amorphous polymer. The difference of the properties could be the main reason of the
untreated FEP has good adhesion with copper in the sputtering system but the
untreated PTFE hasn't. The strong adhesion shows on both PTFE and FEP after 7A
arc treatment than 3A arc treatment with the same exposure time. The higher energy
photons that were emitted at 7A arc plasma than 3A arc plasma could be the main
reason. The stronger intensity of the radiation could cause more surface roughness
and surface chemistry changes, which are the important factors that affect the
adhesion properties of the polymer surface.
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Table 3-8.
Percentage ofCopper Removed from FEP Surface as a Function ofExposure Time
Deposition Current Exposure Time (Minutes)
Untreated
Method A 2 3 5 10 15
Sputtering 3 0 45 70 100 100 100
Evaporation 3 100 100 100 100 100 100
Sputtering 7 0 45 30 < 1 < 1 < 1
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Fig. 3-9. Percentage of copper removed from the modified surface of FEP as a
function of exposure time to radiation from the helium arc source. The 3A sputtering




Both PTFE and FEP were exposed to VUV radiation from high gas pressure
helium arc plasma. The photoetching was observed for both polymers film surfaces.
The photoetch rates of FEP were about 50% higher than those for PTFE consistent
with the increased thermal stability of PTFE and the stronger C-F bond strength
relative to C-CF3 group. The different filters with different cut-off wavelength were
placed in front of the polymer films during the treatment. The photoetch rates of both
polymers decreased while the cut-off wavelength of the filter increased. The
photoetch rates of both polymers also increased as a function of increasing the current
of the rotating arc. Surfaces of both polymers modified by VUV showed a reduction
in the water contact angle starting in the wavelength region between 173 to 160 nm,
where both polymers shows intense photoabsorption, and continued to decrease with
shorter wavelengths as more energetic photons were exposed to the samples. Surface
roughening, as detected by SEM, was found on both polymers after VUV radiation.
XPS results revealed defluorination with incorporation of oxygen, when the sample
was introduced to air, and a slight increase in atomic %C with formation of C-C
bonds in the top 3-5 nm of the surface. The copper adhesion to both polymers surfaces
was improved after the treatment of VUV radiation from 7A arc current helium
plasma. Even the adhesion of copper to untreated polymer samples shows some
difference between PTFE and FEP with sputtering copper deposition methods due to
the different polymer properties (PTFE is polycrystalline, and FEP is amorphous). The
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evaporation copper deposition methods show the same improvement of adhesion of
copper to both treated polymer films surfaces. A number ofmechanisms are probably
contributing to the enhanced adhesion including: (1) surface roughening due to
photoetching; (2) defluorination and desaturation of the surface; (3) formation ofC-C
cross-linking bonds in the top 10 nm of the surface as detected by XPS analysis; and




The future work of this project could include deposition of other metals to
the treated PTFE or FEP surfaces to check the surface properties. The treated polymer
with copper deposited onto it could be applied to a micro-electronic package. Other
attractive materials with low surface energy problems could be modified under VUV
radiation from helium arc plasma to extend the application by adhesion improvement.
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